We investigated the effects of dietary β-1,4-mannobiose (MNB) on the weights of body, breast muscles, thighs, liver, and abdominal adipose tissue in growing broiler chicks to evaluate whether MNB can be used as a feed additive for broiler chicks. A total of 24 eight day-old male broiler chicks were allocated to two cages and fed a control diet or a 0.01% MNB-supplemented diet for 14 days. Dietary MNB significantly increased the relative weight of breast muscles, whereas the weights of the body, thighs, liver and abdominal adipose tissue were not affected. The myostatin mRNA level in the breast muscle was significantly reduced by MNB. Since myostatin is a negative regulator of myoblast proliferation and differentiation, it is possible that the downregulation of myostatin gene expression is involved in the increased breast muscle growth with MNB. The plasma 3-methyl histidine level, which is known to be a nonmetabolizable amino acid marker of myofibrillar protein catabolism, and the breast muscle atrogin-1 mRNA level, which is involved in protein catabolism, were not affected by dietary MNB. In addition, MNB did not affect protease mRNA levels in the breast muscles. These results suggest that MNB does not affect proteolysis in the breast muscles. All our findings suggest that MNB is a promising candidate feed additive to improve the meat yield of broiler chickens.
Introduction
In-feed antibiotics have been utilized for over half a century to promote growth in domestic animals (Moore et al., 1946; Leitner et al., 2001; Sun et al., 2005) . Meanwhile, the extensive use of antibiotics in livestock production has increased the risk of development of resistance in human and animal pathogens (Bates et al., 1994; Witte, 1998) . Thus, the use of antibiotics to promote growth in domestic animals has been banned in the European Union (Dibner and Richards, 2005) . However, the withdrawal of in-feed antibiotics suppresses growth in domestic animals, which in turn results in an increase in production costs (Casewell et al., 2003; Sun et al., 2005) . Therefore, there is a pressing need to develop new feed additives that can be used to improve the growth of domestic animals. Yang et al. (2009) , in their review of alternatives to infeed antibiotics, showed the growth-promoting effects of several oligosaccharides in broiler chickens. Mannanoligosaccharides have been shown to provide various health benefits in broiler chickens. Three major modes of action by which broiler performance is improved by Mannanoligosaccharides have been proposed: 1) control of pathogenic or potentially pathogenic bacteria which possess type-1 fimbriae (mannosesensitive lectin), 2) immune modulation, and 3) modulation of intestinal morphology and expression of mucin and brush border enzymes (Yang et al., 2009) . We previously demonstrated that β-1, 4-mannobiose (MNB) could act as an immune-modulating agent in vivo, preventing Salmonella Enteritidis infection in broilers by increasing IgA production and improving Salmonella Enteritidis clearance (Agunos et al., 2007) , as well as up-regulating the local expression of genes involved in host defense and innate immunity (Ibuki et al., 2010) . Recently, we also found that MNB enhances Salmonella-killing activity, activates innate immune responses in chicken macrophages (Ibuki et al., 2011) . Mannanase-hydrolysed copra meal, which contains 10% MNB, was effective for improving intestinal morphology in broiler chickens (unpublished data). For example, on the duodenal villus surface of the 0.1% mannanase-hydrolysed copra meal-fed chickens, some cells devoid of micro-villi were observed, suggesting the increased protuberance of these cells represents increased absorption activity. In addition, dietary 0.1% mannanase-hydrolysed copra meal increased body weight gain in chickens. These findings raise the hypothesis that MNB can improve growth performance in broiler chickens. However, the effects of MNB on growth in broiler chickens have not been examined.
The objective of the present study was to investigate the effects of dietary MNB on the growth of growing broiler chicks.
Materials and Methods

Preparation of MNB
MNB was prepared from Philippine coconut flour as described previously (Ibuki et al., 2011) . Coconut flour was defatted with 2 g/g hexane, and then suspended in 10 ml/g distilled water at 80℃ for 2 h. The solid was collected by centrifugation at 10,000×g for 20 min, then suspended in 10 ml/g distilled water at room temperature for 10 min, and again collected by centrifugation. These steps were repeated, and the solid was hydrolyzed with β-mannanase (Shin-Nihon Chemical Co. Ltd., Aichi, Japan). Following centrifugation at 10,000×g for 20 min, the supernatant was lyophilized and dissolved in deionized water at 10% (w/v). This crude sample was used for further purification. To obtain highly purified MNB, 5 ml of 10% (w/v) crude MNB solution was applied to a Bio-Gel P2 Fine gel filtration column (Φ75 mm×1 m; Bio-Rad Laboratories, Hercules, CA, USA). The sample was eluted with distilled water at 4.5 ml/min, and 25-ml fractions were collected. Saccharide concentrations were measured by the phenol-sulfuric acid method (DuBois et al., 1956 ) and MNB-containing fractions were combined and lyophilized. According to this method, 99% pure MNB was obtained, and its purity and structure were confirmed by HPLC.
Animals and Feed
Day-old male broiler chicks (chunky) were purchased from a local hatchery (Ishii Co. Ltd., Tokushima, Japan). They were given free access to water and a commercial chicken starter diet (Nosan Co., Kanagawa, Japan, 20% of crude protein, 310 kcal of ME/100 g diet) and acclimated to the facility for 6 days before feeding of experimental diets (Table 1 ). The dose of MNB 0.01% was based on our previous report (Agunos et al., 2007; Ibuki et al., 2010) . Methionine, threonine and arginine were added to diets to meet the recommendations of National Research Council for broiler chicks (National Research Council, 1994) . Chicks were given free access to water and the experimental diets throughout the experimental period. All experimental diets were provided in powder form.
A total of 24 eight day-old male broiler chicks were weighed, allocated based on the body weight to two cages (1,725 mm×425 mm×320 mm, 12 birds in each group) and fed a control diet or a MNB diet (Table 1 ) for 14 days. At the end of the experimental period, body weight was measured, and chicks were sacrificed by decapitation. This study was approved by the Institutional Animal Care and Use Committee (Permission number: 22-05-10) and carried out according to the Kobe University Animal Experimentation Regulation.
Sampling and Preparation
Blood was collected from carotid artery. Plasma was separated immediately by centrifugation at 3,000×g for 10 min at 4℃, frozen by liquid nitrogen and stored at −80℃ for 3-methylhistidine analysis. The liver, abdominal adipose tissue, breast muscles and thighs were excised and weighed. A portion of the pectoralis major muscle, a major part of breast muscles, was frozen immediately for total RNA, protein, and real-time PCR analyses.
Real-time PCR Analysis
Total RNA was extracted from the hypothalamus using Sepazol-RNA I (Nacalai Tesque, Inc., Kyoto, Japan). Firststrand cDNA was synthesized from 5 μg of DNase I (Ambion Inc., Austin, Texas, USA) -treated total RNA using a ReverTra Ace ® qPCR RT Kit (TOYOBO CO. LTD., Osaka, Japan) with random primers. Complementary DNAs of myostatin, atrogin-1, 20S proteasome subunit C1, 20S proteasome C2 subunit, m-calpain large subunit, caspase 3, and cathepsin B were amplified with the primers described in Table 2 . As an internal standard, complementary DNA of ribosomal protein S17 (RPS17) was also amplified with the primers described in Table 2 . All primers were purchased from Hokkaido System Science Co., Ltd. (Hokkaido, Japan). THUNDERBIRD TM SYBR ® qPCR Mix was purchased from TOYOBO CO. LTD. (Osaka, Japan), and mRNA expression was quantified in duplicate using the Applied Biosystems 7300 Real-Time PCR system according to the supplier's recommendations. Ibuki et al.: Effects of β-1,4-mannobiose on Chicken Growth 
Plasma 3-methylhistidine Analysis
Plasma 3-methylhistidine level was measured by the method of Yamaoka et al. (2008) .
Statistical Analysis
Data were analyzed using Student's t-test. All statistical analyses were performed using the commercial package (StatView version 5, SAS Institute, Cary, NC, USA, 1998). Table 3 shows the effects of dietary MNB on body weight and several tissues in growing broiler chicks. Dietary MNB significantly increased the relative weight of breast muscles (P＜0.01). The weight of breast muscles tended to increase in the MNB group (P＝0.119). Dietary MNB did not affect the weights of the body, thighs, liver, or abdominal adipose tissue. In the present study, we did not measure individual feed intake. Therefore, the feed intake and feed conversion ratio could not be statistically analyzed. Fig. 1 shows the effects of dietary MNB on the plasma 3-methylhistidine level and breast muscle atrogin-1 mRNA level. Dietary MNB did not affect the plasma 3-methylhistidine level or breast muscle atrogin-1 mRNA level. Fig. 2 shows the effects of dietary MNB on skeletal muscle protease mRNA levels. Dietary MNB did not affect the mRNA levels of any protease. Fig. 3 shows the effects of dietary MNB on the myostatin mRNA level in the breast muscles. The myostatin mRNA level was significantly (P＜0.05) decreased by dietary MNB.
Results
Discussion
In the MNB group, the relative weight of breast muscles was significantly increased, but the weight of the thighs was not affected (Table 3 ). The reason for the difference is not clear. One possible explanation is that the effect of dietary MNB on the skeletal muscle weight was different between muscle fiber types in the chicks. There is evidence that more than 99% of muscle fiber in the breast muscle is type II B fiber (Barnard et al., 1982) . On the other hand, thigh muscles consist of several types of muscle fiber including type I, II A, II B, III A, and III B. It is therefore possible that dietary Journal of Poultry Science, 50 (2) 122 NM_204217 5′ -GCG TTC TCT GTG GGC TGA CT-3′ sense Ribosomal protein S17 139 . 3±3 . 6 Breast muscles weight (g) MNB specifically increases type II B fibers in the skeletal muscle in chicks. Further studies are required to address this possibility.
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Dietary MNB significantly increased the relative weight of breast muscles, whereas the relative weight of abdominal adipose tissue was not affected (Table 3 ). In chickens, the percentage of carcass fat is quite consistent with that from the abdominal fat adipose tissue (Havenstein, 2003) . It is therefore possible that MNB specifically increases the breast muscle ratio without affecting body fat accumulation in broiler chicks. Further studies are required to address this possibility.
The rate of skeletal muscle growth is altered by the rate of protein degradation in skeletal muscle (Goll et al., 2008) . Plasma 3-methylhistidine is known to be a nonmetabolizable amino acid marker of myofibrillar protein catabolism (Hayashi et al., 1985; Fetterer and Allen, 2000; . Therefore, we measured the effects of dietary MNB on plasma 3-methylhistidine level in growing broiler chicks. However, plasma 3-methylhistidine was not affected by MNB (Fig. 1) . In mammals, mRNA of atrogin-1 is markedly induced during muscle atrophy (Bodine et al., 2001; Gomes et al., 2001; Dehoux et al., 2004; Costelli et al., 2006) . Recently, atrogin-1 expression under normal conditions has been thought to be related to the rate of skeletal muscle proteolysis and muscular size of chickens (Nakashima et al., 2009 , Kamizono et al., 2010 . Ohtsuka et al. (2011) showed that atrogin-1 expression appears to be closely related to the development of skeletal muscle proteolysis and skeletal muscle wasting suggesting its usefulness of as a reliable index of myofibrillar proteolysis in broiler chicks. However, the atrogin-1 mRNA level in the breast muscles was not affected by dietary MNB in the present study (Fig. 1 ). In addition, there was no significant effect on the skeletal muscle protease mRNA levels in the breast muscles of broiler chicks (Fig. 2) . All our findings suggest that the increase in the breast muscle ratio in the MNB group was not due to the inhibition of skeletal muscle proteolysis.
Myostatin is a negative regulator of myoblast proliferation and differentiation (Otto and Patel, 2010; Elkina et al., 2011) . Therefore, we analyzed myostatin mRNA level in the breast muscles and found that the myostatin mRNA level was significantly (P＜0.05) decreased by MNB (Fig. 3) . It is therefore possible that the downregulation of myostatin gene expression affected myoblast proliferation or differentiation, which in turn resulted in a high breast muscle ratio. Further studies are required to clarify this point.
Recently, a model whereby myostatin induces skeletal muscle wasting through targeting sarcomeric proteins via Smad3-mediated up-regulation of Atrogin-1 and forkhead Ibuki et al.: Effects of β-1,4-mannobiose on Chicken Growth box O1 was proposed (Lokireddy et al., 2011) . In the present study, we found that the myostatin mRNA level was significantly (P＜0.05) decreased by MNB (Fig. 3 , P＜ 0.05). Dietary MNB did not affect the mRNA level of breast muscle atrogin-1. However, the means of atrogin-1 mRNA level in the MNB group was about 66. 2% of that in the control levels. It is therefore possible that dietary MNBdecreased myostatin mRNA level is related to the decrease of atrogin-1 mRNA level in the breast muscle.
As mentioned in the introduction section, three major modes of action by which broiler performance is improved by mannanoligosaccharides have been proposed, such as the effects on the undesirable microbiota, immunity, and intestinal mucosa (Yang et al., 2009) . We recently found that MNB enhances Salmonella-killing activity, activates innate immune responses in chicken macrophages (Ibuki et al., 2011) , and possibly improves intestinal morphology in broiler chicks (unpublished data). In the present study, we suggest that dietary MNB may induce protein synthesis in breast muscles. Thus, further study will be needed to investigate the involvement between the stimulation of protein synthesis by MNB and the suppression of pathogenic bacteria or the modulation of intestinal morphology or immune responses.
As observed in other studies showing the effect of feed ingredients on growth performance in broiler chicks (Yamamoto et al., 2007; Baurhoo et al., 2009; Khambualai et al., 2009; Saleh et al., 2012) , study with a small number of chickens (n＝7-12) have been published in several international scientific journals. Therefore, in the present study, 12 birds were assigned in each group. However, the number of chickens should be increased in future studies described above.
In conclusion, we investigated the effects of dietary MNB on the growth of broiler chicks. Our results showed that MNB increases the relative weight of breast muscles to body weight in growing broiler chicks. These results suggest that MNB could be a promising candidate feed additive to improve meat yield of broiler chickens.
